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weaking the intricately entangled lat-

tice, orbital, and spin degrees of free-

dom in strongly correlated electronic
materials has emerged as a validated tool
for discovery of regions of phase space
characterized by exotic spin and transport
behavior and for manifestation of physical
phenomena characterized by unprece-
dented complexity.' 3 Scaling strongly cor-
related electronic materials to nanoscale
dimensions, below the intrinsic domain size,
represents a possible alternative for exam-
ining materials close to the single-domain
limit.* As a canonical example of a material
exhibiting electronic instabilities, the metal—
insulator transitions of VO, have attracted
much recent scrutiny.?”” The impressive
magnitude of the phase transition, its proxi-
mity to room temperature, and the intrinsic
<100 fs time scale portend applications in
electrostatically mediated Mott field-effect
transistors, gas sensors with distinctive
threshold voltages for induction of the metal—
insulator transition, strain sensors, infrared
polarizers and waveguides, and thermo-
chromic coatings, among other applica-
tions.*®~'" VO, nanobeams grown by physi-
cal vapor transport of granular VO, material
onto substrates held at high temperatures
within hot wall furnaces'? have emerged as
among the most popular model systems for
exploration of finite size effects in this ma-
terial and have been used to experimentally
map an expansive region of the multidi-
mensional strain—temperature structural
and electronic phase space.”'""*' An im-
portant caveat that has emerged from these
studies is that geometric confinement and
inhomogeneous strain coupling in anisotro-
pic nanostructures renders the phase space
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ABSTRACT (onsiderable recent research interest has focused on mapping the structural phase
diagrams of anisotropic V0, nanobeams as model systems for elucidating single-domain behavior
within strongly correlated electronic materials, to examine in particular the coupling of lattice and
orbital degrees of freedom. Nevertheless, the role of substitutional doping in altering the phase
stabilities of competing ground states of V0, remains underexplored. In this study, we use individual
nanowire Raman microprobe mapping to examine the structural phase progressions underlying the
metal —insulator transitions of solution-grown W,V,_,0, nanowires. The structural phase progres-
sions have been monitored for three distinctive modes of inducing the electronic metal—insulator
phase transition: as a function of (a) W doping at constant temperature, (b) varying temperature for
specific W dopant concentrations, and (c) varying applied voltage for specific W dopant
concentrations. Our results suggest the establishment of a coexistence regime within individual
nanowires wherein M1 and R phases simultaneously exist before the percolation threshold is
reached and the nanowire becomes entirely metallic. Such a coexistence regime has been found to
exist during both temperature- and voltage-induced transitions. No evidence of an M2 phase is
observed upon inducing the electronic phase transition by any of the three distinctive methods
(temperature, doping, and applied voltage), suggesting that substitutional tungsten doping
stabilizes the M1 phase over its M2 counterpart and further corroborating that the latter phase
is not required to mediate M1—R transformations.

KEYWORDS: nanowires - phase transitions - VO, - solid solutions - doping -
Raman spectroscopy

substantially more complex than naively
expected from a single-domain perspective.
Solution-grown VO, nanostructures are re-
latively underexplored but represent an
attractive alternative since they can be read-
ily dispersed onto any substrate and the * Address correspondence to
synthetic parameters can be facilely tuned  sgs2@buffalo.edu,

to accommodate substitutional dopants.®'>  sb244@buffalo.edu.

A prominent gap in our knowledge of these
systems is the precise role of substitutional
doping, which is ubiquitously used in the
bulk to manipulate the electronic phase
diagram but has scarcely been examined
for materials with reduced dimensionality.
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Here, we present a single-nanowire Raman microprobe
study of metal—insulator transitions of W,V,;_,0,
nanowires induced separately by doping, temperature,
and applied voltage.*'®'” Examining the phase transi-
tions of individual nanowires allows us to derive an
intrinsic structural phase diagram, examine the role of
substitutional tungsten doping, and address the
(absent) intermediacy of the M2 phase.

The metal—insulator transition in VO, is accompa-
nied by the structural phase transition of a Jahn—Teller
distorted tetragonal rutile (R) phase to a lower-sym-
metry monoclinic M1 phase wherein adjacent pairs of
VOg octahedra along the tetragonal ¢ axis are dimer-
ized and tilted to form a zigzag chain (reconstructed as
the crystallographic a axis of the M1 phase).* In vapor-
transport-grown VO, nanobeams strongly coupled to
the underlying substrate, Park and co-workers demon-
strated the striking coexistence and quasi-periodic
organization of metallic and insulating domains, visible
even in optical microscopy images, resulting from a
balance between minimization of strain energy of the
coupled nanobeam/substrate system and the domain
wall energies developed at the boundaries of the
insulating/metallic domains.'® Other researchers were
able to use Raman microprobe analysis and micro-
X-ray diffraction to surmise the presence of a different
monoclinic polymorph, the M2 phase, within sub-
strate-coupled nanobeams with increased tensile
strain thought to play an important role in stabilization
of this polymorph.'®2° The M2 phase can be visualized
as comprising two interpenetrating networks of the M1
and R phases, wherein alternate chains of VOg octahe-
dra along the tetragonal c axis are either dimerized but
not tilted or tilted in a zigzag manner but not
dimerized.**"?? In the bulk, this phase is stabilized by
uniaxial strain or via doping with Cr** or A" on the
cation sublattice.®*** Despite initial conjectures re-
garding the universal intermediacy of the M2 phase
for mediating the M1—R transition and the role of
finite size in coaxing the system toward this metast-
ability, it is now clear that the observation of this
polymorph during the metal—insulator transitions of
VO, nanobeams is primarily a consequence of the
inhomogeneous strain fields generated due to cou-
pling of the nanobeams to the substrate.” "> For
unconstrained granular samples of VO,, Corr et al. have
demonstrated using a comprehensive total scattering
analysis that while there is a distinctive phase coex-
istence regime for the M1 and R phases, the pair
distribution functions can be accounted for using
exclusively these two phases without needing to in-
voke the presence of the M2 polymorph.?® In this
context, Donev and co-workers have performed sin-
gle-nanoparticle Raman microprobe analysis on VO,
nanoparticles fabricated by a combination of focused
ion beam lithography and pulsed laser deposition. The
individual nanoparticles with precisely controlled
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stoichiometry are observed to hysteretically switch
between M1 and R phases without any evidence for
intermediacy of the M2 phase.”® Tselev et al. have
recently performed an elegant Ginzburg—Landau
analysis of the structural phase transformations at the
VO, metal—insulator transition and have noted that
transitions from the rutile to the M1 and M2 phases are
originated at the same special point in the Brillouin
zone of the rutile lattice.>* Consequently, both the
monoclinic polymorphs can be thought of as equiva-
lent routes to resolve the instability of the tetragonal
rutile phase at the phase transition temperature with
minor perturbations such as to local strain tensors
determining the more energetically favorable transfor-
mation induced at the zone boundary.* These re-
searchers have thus discounted the possibility of the
M2 phase playing a role as an intermediate between
the M1 and R phases. In a recent article, Lauhon and co-
workers have emphasized the importance of not just
external strain and substrate coupling but also precise
stoichiometry gradients and electron/hole doping in
establishing inhomogeneous internal strain and indu-
cing localized perturbations that result in distinctive
rutile domains being stabilized within VO, nanobeams
down to temperatures as low as 103 K.2” M2 phases are
observed to be stabilized in nanobeams exposed to
more oxidizing atmospheres, consistent with genera-
tion of V>' sites and analogous to the situation with
Cr** doping.”’

Hydrothermally prepared free-standing VO, nanos-
tructures present an intriguing counterpoint to the
vapor-transport-synthesized VO, nanobeams noted
above since they can be solvent cast onto different
substrates and can further be substitutionally doped to
varying extents by the incorporation of the appropriate
precursors. We present the first individual nanowire
Raman measurements of these solution-grown nanos-
tructures. The tunability of substitutional tungsten
incorporation in W,V,_,0, nanowires permits evalua-
tion of the distinctive role of tungsten doping in
altering the phase stabilities of the nanostruc-
tures. Thermal and voltage-induced phase transitions
are also separately examined by Raman microprobe
measurements.

RESULTS AND DISCUSSION

In previous work, we have been able to use finite size
in conjunction with substitutional tungsten doping to
depress the phase transition temperature of W,V; _, 0,
nanowires down to —20 °C as measured by ensemble
differential scanning calorimetry and single-nanowire
electrical transport measurements.*'®'” Furthermore,
the depression in the critical phase transition tempera-
tures upon tungsten doping far surpasses correspond-
ing values for bulk W,V _,O, of the same composition,
suggesting substantial alteration of the phase diagram
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Figure 1. (A) SEM image of W-doped VO, nanowires with a nominal W concentration of 0.4 atom %. (B) SAED pattern acquired
for a single W,V; _,0, nanowire, indexed to the M1 phase. (C) Cross-sectional SEM image indicating the approximately
rectangular cross sections of the nanowires. (D) SEM image of an individual W,V _,0, nanowire with x ~ 0.40 atom % aligned
across four electrodes. The device has been fabricated on a Si/SiO, (300 nm) substrate after solution casting the nanowires.
The inset shows an energy-dispersive X-ray spectrum acquired for the nanowire.
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Figure 2. Room-temperature Raman spectra acquired for
W,V,_,O, nanowires with increasing tungsten doping. The
M1 phase is discernible up to 0.96 atom % W doping,
whereas the rutile phase is surmised from the absence of
Raman bands beyond 1.18 atom % W doping. Characteristic
modes of the M2 phase are not observed in any of the
samples.

as a consequence of finite size. The marked deviations
from bulk behavior are rationalized in terms of a per-
colative model of the phase transition wherein coop-
erative avalanche processes facilitate the insulator—
metal transition, establishing a percolating metallic
path for transport, but tend to impede the reverse
metal—insulator transition resulting in supercooling of
the metallic phase.

Figure 1 shows overview and cross-sectional SEM
images and a SAED pattern for W-doped VO, nano-
wires. The nanowires have rectangular cross sections
with widths ranging from 30 to 300 nm but consider-
ably thinner vertical dimensions (heights).'® The SAED
pattern in Figure 1B is constant along the length of the
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nanowires, suggesting the single-crystalline nature of
the nanowires. Figure 1D depicts a single nanowire
aligned within a device geometry such as used for
voltage-driven experiments.

Metal—Insulator Transition at Constant Temperature as a
Function of Varying W Doping. Figure 2 depicts ensemble
room-temperature (298 K) Raman spectra acquired for
W,V,;_,0, nanowires with increasing tungsten doping.
The space groups for the R and M1 phases are P4,/
mnm (D4y'*) and P2,/C (C,4), respectively, and the
pronounced differences in local symmetry give rise to
distinctive Raman signatures (the M2 phase crystallizes
in the C,;,” space group and also has distinctive Raman
modes)."*?8 By group theory analysis, the M1 phase is
characterized by 18 Raman-allowed modes, 9 with A4
symmetry and 9 with B, symmetry. The mode assign-
ments noted in Figure 2 are based on previously
reported polarized Raman studies and group theory
predictions.’>?%?° We evidence small shifts of the
prominent 189 and 607 cm™' A, modes to 194 and
611 cm™ ', respectively, originating from the incorpora-
tion of substitutional tungsten dopants. Conversely,
the R phase is characterized by a broad featureless
luminescence.'®'®?7% Figure 2 illustrates that at
1.18 atom % W doping and beyond, the prominent
Raman signals of the M1 phase disappear, corroborat-
ing the stabilization of the metallic R phase at room
temperature.'® We have noted in previous work that
tungsten doping of nanowires induces a depression in
phase transition temperatures far exceeding the
23—-26 °C/atom % W norm established for bulk materi-
als and VO, thin films.'® No evidence for formation
of the M2 phase (characterized by splitting of the
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Figure 3. Raman spectra acquired for an individual W,V; _,0, nanowire with x ~ 0.4 atom % as a function of increasing and

decreasing temperature.

221 cm™' Ay mode and shift of the 607 cm™" mode to
649 cm™ ') is observed at any of the tungsten doping
concentrations.

Metal—Insulator Transition for Specific W Doping Concentra-
tions as a Function of Temperature. Raman spectra have
been acquired across the metal—insulator transition
for a single W,V;_,0, nanowire with a nominal W
doping of x ~ 0.40 atom %. Figure 3 depicts that, at
low temperatures, the nanowire clearly exhibits Raman
signatures of the M1 phase. Upon heating, between 44
and 45 °C, the nanowire abruptly and discontinuously
switches to the R phase and the characteristic Raman
bands of the M1 phase are completely lost. No major
diminution in intensity or shifts of the M1 Raman
modes are observed leading up to the phase transition,
suggesting nucleation of the R phase and a discontin-
uous jump of the domain wall without intermediacy of
triclinic (T) or M2 phases. The abruptness of the change
in spectral signatures suggests that the phase transi-
tion is manifested across a large volume without a
substantial coexistence regime for these nanowires,
although a short-lived coexistence regime cannot be
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ruled out.®* The direct M1—R transition without inter-
mediacy of M2 or T phases likely captures the intrinsic
phase diagram of W,V; _,0, as a result of substitutional
doping (as also seen by doping-induced transition
evidenced in Figure 2). Identical abrupt M1—R transi-
tion behavior has also been observed for W 904V0.09602
nanowires on Ta substrates, corroborating the idea
that these nanowires are not substantially strained.
Since the nanowires are cast onto the substrates by
solution casting from 2-propanol, considerable slip
between the nanowire and the substrate during the
heating process is expected, which relaxes tensile
stresses generated due to the differential thermal
expansion coefficients of VO, and the SiO, substrate.
As noted above, a direct M1—R transition has also been
noted for stoichiometric VO, nanobeams that are
unconstrained or reside on compliant substrates.'*%*
An analogous abrupt R—M1 transition is evidenced
during cooling with a slight hysteresis (Figure 3B).

In Figure 4, we follow the phase transformation of a
nanowire with a nominal composition of Wy 909Vp.99102
wherein the metal—insulator transition has been
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Figure 4. Raman spectra acquired for an individual
W, V,_,O, nanowire with x ~ 0.9 atom % as a function of
increasing temperature.

depressed in proximity to room temperature. Upon
heating from 15 °C, the spectral signatures of the M1
phase are distinctly retained without significant change
in intensity up to 26 °C. Subsequently, a pronounced
diminution of M1 Raman bands is evidenced with
further heating at 27 and 28 °C, and the bands are no
longer discernible above the baseline at 29 °C. The
diminished intensity of the M1 Raman modes suggests
the nucleation of the metallic R phase and a coexis-
tence regime spanning 26—29 °C, suggesting a phase
progression of M1— M1+R—R, as has also been noted
in bulk studies of unconstrained VO, or granular VO,
thin films.5* No discernible peak shifts or peak split-
ting are noted for the 611 and 225 cm ™' A; modes,
again ruling out the intermediacy of the M2 phase.
Metal—Insulator Transition for Specific W Doping Concentra-
tions as a Function of Applied Voltage. We next turn our
attention to examining the structural phase transfor-
mations accompanying the voltage-induced metal—
insulator transition in W,V;_,0, nanowires. These
measurements have been acquired for nanowires
aligned within device geometries such as illustrated in
Figure 1D. The nanowires can thus be thought to be
clamped onto the substrate by the deposited elec-
trodes. The inset to Figure 5A shows a resistance versus
temperature plot of a nanowire with the same nominal
tungsten doping, x ~ 0.4, as examined in Figure 3. The
nanowire is seen to be completely metallic by 50 °C,
which is similar to the phase transformation behavior
noted in Figure 3 accounting for experimental error
and the clamped versus unconstrained nature of the
two experiments. Figure 5A further indicates a current
versus voltage plot measured at —20 °C, suggesting a
sharp threshold voltage beyond which the current
discontinuously rises as the nanowire transforms to a
metallic state. The dotted vertical lines correspond to
voltages at which Raman spectra have been acquired,
as depicted in Figure 5B. In the absence of a voltage or
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at low applied voltages, prominent Raman modes
ascribed to the M1 phase are discernible up to 0.60 V.
At 0.61V, the 625 cm ™' mode is slightly upshifted and
broadened as well as diminished in intensity, suggest-
ing a distorted M1 phase and the nucleation of R
domains as the current starts to increase (Figure 5A).
At 0.62 V and beyond, the R phase appears to be the
preponderant phase; no evidence of the M2 phase is
observed even for these clamped 1D nanowires. Inter-
estingly, at 0.62 V, the Raman spectrum in Figure 5B
shows the R phase to be dominant, but from the
transport data in Figure 5A, the nanowire has yet to
reach a completely metallic state, likely because com-
plete percolation of metallic domains has not yet been
achieved. Notably, almost 80% of the volume of the
nanowire is required to be in the metallic R phase
before metallic transport can be achieved in this 1D
system (in comparison to only 16% required for perco-
lation in a 3D object).?’ At voltages slightly higher than
0.62 V, which is very near the threshold voltage, the
nanowires abruptly switch to the metallic state even
from the slight laser heating that results from acquiring
the Raman spectrum over 300 s. At 0.70 V, the M1
phase is no longer discernible and the nanowire is also
completely metallic. The data here again suggest a
phase progression of MT—M1+R—R with a distinc-
tive coexistence regime wherein the percolation
threshold has yet to be reached. Remarkably, the
small upshift in the 611 cm ™' mode suggests some
distortions to the M1 phase (likely at the M1/R
domain wall), but no M2 phase is evidenced even
though the nanowires here are clamped and thus
subject to greater strain.

The absence of the M2 phase in our measurements
provides intriguing insight into the intrinsic phase
diagram of W-doped VO,. As Tselev et al. have sug-
gested, the M1 and M2 phases are simply two ways to
resolve the instability of the R lattice below the phase
transition temperature.>* Minor perturbations to the
free energy functional, such as through manipulation
of the strain tensors or via the application of chemical
pressure through doping, can make one phase more
thermodynamically favorable than the other. Doping
with Cr** and A" is known to stabilize the M2 phase,
primarily due to the role of these dopants in generating
V°* species and the concomitant hole doping.?**3 In
contrast, doping with W®" adds two electrons to the
VO, band structure, creating V3™ sites and disrupting
V4 —v** dimerization, and thus likely stabilizes the M1
phase with respect to its M2 counterpart. Such prefer-
ential stabilization of the M1 phase has also been
alluded to for undoped VO, nanostructures with high
oxygen vacancy concentrations.?” Clearly, even the
presence of strain in clamped W,V;_,O, nanowires
is not able to offset the preferential stabilization of
the M1 phase, and the phase progression remains
M1—M1+R—R for these materials.
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Figure 5. (A) Current versus voltage curve measured for a W,V,_,0, nanowire with x ~ 0.4 atom %. The red dotted lines
indicate points at which the voltage was held constant and Raman spectra were acquired. The inset shows a plot of the
resistance versus the temperature measured for the same exact device. (B) Raman spectra acquired for the nanowire
measured in (A) at different constant voltage values. (C) Plots of the peak positions of the M1 Raman modes as a function of

applied voltage.

In conclusion, solution-grown W,V; _,O, nanowires
exhibit phase diagrams that are altered from undoped
VO, and are characterized especially by stabilization of
the M1 phase over M2 and T alternative ground states.
Our separate in situ Raman spectroscopy studies of
W,V;_,0, nanowires across doping-, temperature-,
and voltage-induced phase transitions corroborate
the idea that an M2 phase is not required to mediate
the M1—R structural phase transformation. With in-
creasing W incorporation, the nanowires are stabilized
in the metallic rutile phase at room temperature, but
again, no characteristic signatures of the M2 phase are

METHODS

We have previously reported the synthesis of W,V;_,0,
nanobelts based on the hydrothermal reduction of V,05 by
oxalic acid in the presence of the appropriate amount of a
H,WO, precursor.'® The hydrothermal reaction was performed
at 250 °C for times ranging from 12 h to 7 days. The oxalic acid
concentration was carefully selected to yield phase-pure VO,
exhibiting well-defined metal—insulator transitions in exclusion
of V¢O;3 and other substoichiometric oxides.'® A Hitachi SU-70
scanning electron microscope operating at an accelerating
voltage of 20 kV was used to acquire SEM images. A JEOL
2010 instrument operated at 200 kV was used to acquire
selected area electron diffraction (SAED) patterns. To prepare
the samples for HRTEM/SAED analysis, the nanostructures were
dispersed in 2-propanol and then deposited onto 300 mesh
carbon-coated Cu grids. The W dopant concentrations (atomic
percentage of W, x in W,V; _,0,) were determined using induc-
tively coupled plasma-optical emission spectroscopy (ICP-OES).
For Raman spectroscopy, nanowire samples were dispersed in

WHITTAKER ET AL.

noted for any of the W dopant concentrations. The
absence of the M2 phase even for clamped nanowires
indicates preferential stabilization of the M1 phase
upon tungsten doping. Measurements of both thermal
and voltage-induced transformations suggest the es-
tablishment of a coexistence regime wherein M1+R
phases exist in different proportions before percolation
is achieved, and the entire nanowire is transformed to a
metallic R state (upon heating). Future work will focus
on the application of tip-enhanced Raman spectrosco-
py tools to resolve discrete structural domains within
the nanowires with greater spatial resolution.

2-propanol and cast onto SiO,, Ta, or Au substrates. The nature
of the substrate had no discernible influence on the observed
phase transition behavior. Raman spectra were acquired using a
Jobin-Yvon Horiba Labram HR instrument coupled to an Olym-
pus BX41 microscope using 514.5 nm laser excitation from an
Ar-ion laser. An 1800 lines/mm grating was used to acquire
spectra yielding a spectral resolution greater than 2 cm™'.
Raman spectra were acquired for 300 s intervals. The laser
power was kept below 300 yW to minimize local heating.
A Linkam Scientific Instruments THMS 600 thermal stage was
used for the in situ thermal cycling experiments, and the samples
were allowed to equilibrate for at least 300 s upon increasing/
decreasing the temperature. For monitoring voltage-induced
transitions, standard lithography followed by metallization using a
substrate-cooled electron-beam evaporator was used to depos-
it Cr/Au electrodes onto individual nanowires dispersed on a
300 nm SiO,/Si surface.
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